Cytokine Profiling and Stat3 Phosphorylation in Epithelial–Mesenchymal Interactions between Keloid Keratinocytes and Fibroblasts  by Lim, Cheh P. et al.
Cytokine Profiling and Stat3 Phosphorylation in
Epithelial–Mesenchymal Interactions between Keloid
Keratinocytes and Fibroblasts
Cheh P. Lim1, Toan T. Phan2,3, Ivor J. Lim2 and Xinmin Cao1,4
We previously reported an increase in signal transducer and activator of transcription 3 (Stat3) activation in
keloid fibroblasts, which contributes to collagen production, cell proliferation, and migration. We further
investigated the effect of epithelial–mesenchymal interaction on Stat3 in normal and keloid fibroblasts in
noncoculture and coculture conditions. pY705 Stat3 was higher in keloid fibroblasts compared to normal
fibroblasts in noncoculture. However, a more drastic decrease in pY705 Stat3 was observed in keloid fibroblasts
compared to normal fibroblasts when cocultured with their respective keratinocytes over 5 days. To explore this
paracrine effect, we examined the secretion of cytokines by cytokine arrays. Altered cytokine production was
detected in keloid fibroblasts and keratinocytes, either in noncoculture or coculture conditions. IL-6, IL-8,
monocyte chemoattractant protein-1, tissue inhibitor of metalloproteinases (TIMPs)-1, and TIMP-2 were major
cytokines detected. Angiogenin, oncostatin M (OSM), vascular endothelial cell growth factor, IGF-binding
protein-1, osteoprotegerin, and transforming growth factor-b2 were present in keloid keratinocyte–fibroblast
coculture, but absent in normal keratinocyte–fibroblast coculture. Only IL-6 and OSM stimulated strong pY705
Stat3 and cell proliferation in both normal and keloid fibroblasts. Other cytokines increased proliferation of
keloid fibroblasts, but not normal fibroblasts, suggesting an altered state in keloid fibroblasts. Multiple
cytokines likely contribute to keloid pathogenesis and a combinatorial neutralizing antibody/cytokine therapy
may be effective in ameliorating keloid scars.
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INTRODUCTION
Keloid scars are fibrous skin lesions that grow beyond the
boundaries of the wound margin (Cosman et al., 1961). They
are characterized by increased collagen deposition (Diegel-
mann et al., 1979) and fibroproliferation (Calderon et al.,
1996). Its etiology remains an enigma and current treatments
including surgery combined with radiotherapy or corticoster-
oids have not been completely successful as keloids tend to
recur after excision (Alster and Tanzi, 2003). Elucidating the
molecular mechanisms and exploring new therapeutic
strategies may lead to better management and prevention of
keloid scars.
Signal transducers and activators of transcriptions (STATs)
are latent transcription factors central to cytokine and growth
factor signaling. The mammalian STAT family comprises
Stat1, 2, 3, 4, 5a, 5b, and 6. Although each STAT protein
shares some sequence similarity, they exhibit distinct roles in
development and cell signaling (Akira, 1999; Lim and Cao,
2006). Cytokine stimulation leads to the activation of Stat3 by
sequential phosphorylation at Y705 by tyrosine kinase JAKs
and formation of phospho-Stat3 dimers, resulting in its
translocation from cytoplasm to nucleus and binding to its
cognate DNA sequences to drive transcription of target
genes. In Stat3a, a second phosphorylation site at S727
usually accompanies Y705 phosphorylation, thought to be
required for its maximal transcriptional activity (Wen et al.,
1995), stabilizing dimer formation (Zhang et al., 1995), and
regulated by peptidyl-prolyl cis/trans isomerase 1 (Lufei et al.,
2007). Although its transcriptional role is well established, we
recently discovered a previously unreported cytoplasmic role
of Stat3 in the control of microtubule dynamics and cell
migration (Ng et al., 2006).
We have previously shown that Stat3 is activated and
plays a pivotal role in keloid pathogenesis by promoting
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collagen expression, fibroproliferation, and cell migration
(Lim et al., 2006). Epithelial–mesenchymal interactions have
been associated with the progression of keloids (Lim et al.,
2001, 2002). Hence, we further explored the regulation of
Stat3 in epithelial–mesenchymal interactions between kera-
tinocytes and fibroblasts in keloid pathogenesis using an
in vitro two-chamber coculture (cc) model. To analyze the
cytokines secreted, we subjected the serum-free-conditioned
media (CM) of non-cc and cc of keratinocytes and fibroblasts
to cytokine arrays. From this cytokine profile, we investigated
which of these factors could enhance the proliferation of
fibroblasts, as fibroproliferation is a characteristic of keloid
fibrosis.
RESULTS
Y705 Stat3 phosphorylation in fibroblasts by
epithelial–mesenchymal interactions
To investigate the effect of epithelial–mesenchymal interac-
tions on Stat3, we examined the Tyr phosphorylation of Stat3
in normal fibroblasts (NFs) and keloid fibroblasts (KFs) in non-
cc or cc with their respective keratinocytes. Strong pY705
Stat3 was observed at day 5 cultures in non-cc in both KFs and
NFs, which was drastically decreased in cc in all KFs (B80%
decrease), compared to NFs (B47% decrease; Figure 1a).
The kinetics was further examined in daily culture from
days 1 to 5. Weak pY705 Stat3 in NF103 non-cc throughout 5
days became elevated when cocultured with normal kerati-
nocyte (NK) 103 (Figure 1b). In KF48, strong pY705 Stat3 was
observed throughout 5 days in non-cc, which was not
enhanced further when cocultured with keloid keratinocyte
(KK) 48. In both NF103 and KF48, a gradual decrease of
pY705 Stat3 was observed when cocultured with their
respective keratinocytes, which occurred more rapidly and
drastically in KF48 compared to NF103 (Figure 1b, graphs).
This data indicate that keratinocytes exert an inhibitory effect
on the pY705 Stat3 in fibroblasts, with higher potency in KF
by KK compared to NF by NK.
Y705 Stat3 phosphorylation in keratinocytes by
epithelial–mesenchymal interactions
Signal transducer and activator of transcription 3 phosphor-
ylation in keratinocytes was also examined. Y705 and S727
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Figure 1. Effect of epithelial–mesenchymal interaction in Y705 Stat3 phosphorylation in fibroblasts. (a) Fibroblasts were grown in noncoculture condition (non-
cc) or cocultured (cc) with their respective keratinocytes for 5 days, and equal amounts of total cell lysates were resolved in SDS-PAGE and subjected to western
blot analyses with antibodies as indicated. Graph depicts the mean±SD of relative densitometry unit of pY705 Stat3 normalized to Stat3 for five KFs and two
NFs based on the western blot. *Po0.05 and **Po0.01. (b) Western blot of total cell lysates of NF103 and KF48 noncoculture (non-cc), NF103 cocultured with
NK103 (NK103/NF103 cc), and KF48 cocultured with KK48 (KK48/KF48 cc) at days 1–5. Graphs illustrate the relative densitometry unit of pY705 Stat3
normalized to Stat3 of the western blot shown. Arrowheads indicate the position of the protein bands.
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Figure 2. Y705 Stat3 phosphorylation in keratinocytes. (a) Normal (NK) or keloid-derived (KK) keratinocytes were grown in non-cc condition (upper panels)
or cocultured with their respective fibroblasts (cc; bottom panels) for 5 days, and equal amounts of total cell lysates were resolved in SDS-PAGE and
subjected to western blot analyses with antibodies as indicated. Accompanying graphs represent the mean±SD of relative densitometry unit of pY705 Stat3
normalized to Stat3 for the six NKs and six KKs non-cc (upper graph), or six NK/NFs and six KK/KFs cc (lower graph), respectively. *Po0.05 and **Po0.01. (b)
Representative western blots of total cell lysates of NK103 and KK48 non-cc, NK103 cocultured with NF103 (NK103/NF103 cc), and KK48 cocultured with
KF48 (KK48/KF48 cc) at days 1–5. Accompanying graphs represent the mean±SD of relative densitometry unit of pY705 Stat3 normalized to Stat3 of two or
three independent experiments. Left graph illustrates the mean±SD of two NKs and KKs (NK103 and KK48; NK111 and KK111). Right graph shows the
mean±SD of three NK/NFs and KK/KFs (NK/NF103 and KK/KF48; NK/NF111 and KK/KF111; NK/NF104 and KK/KF43). *Po0.05 and **Po0.01 are statistically
significant when KK/KFs cc were compared to NK/NFs cc at their respective days.
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phosphorylation in Stat3 are significantly lower in all KK
compared to NK in both non-cc (Figure 2a, top panels) and cc
(Figure 2a, bottom panels), except for KK111 cocultured with
KF111 (KK/KF111 cc), at day 5 cultures. Further time-course
analysis of NK103, NK111, NK104, KK48, KK111, and KK43,
revealed that Y705 Stat3 phosphorylation was decreased in
noncocultured KKs at day 5, but was drastically decreased in
cocultured KKs from day 1 onward (Figure 2b). pY705 Stat3
was also significantly repressed in KK/KFs compared to NK/
NFs cc (Figure 2b). These data suggest that Stat3 activation in
KK is inhibited.
Identification of cytokines secreted by fibroblasts and/or
keratinocytes
Fibroblasts and keratinocytes secrete cytokines, chemokines,
and growth factors that are critical for the process of wound
healing. To explore the paracrine influence of fibroblasts on
keratinocytes and vice versa in keloid scarring, we investi-
gated the cytokines that were secreted into the media. Serum-
free CM from day 1 or 5 cultures of fibroblasts or
keratinocytes from normal skin or keloid tissue, either in
non-cc or cc condition, were collected and subjected to
cytokine arrays. The results are illustrated in Figure 3. The
data were normalized against internal controls from each blot
and their intensities are tabulated in Table 1.
IL-6, IL-8, monocyte chemoattractant protein-1 (MCP-1),
tissue inhibitor of metalloproteinases (TIMPs)-1, and TIMP-2
were detected at high intensities in all CM of fibroblasts and
keratinocytes, whether in non-cc or cc, except for IL-6 and
MCP-1 that were absent in keratinocytes (Table 1). Cytokines
secreted at moderate amounts were angiogenin (ANG), IGF-
binding protein (IGFBP)-1, IGFBP-2, and osteoprotegerin
(OPG), whereas those detected in less amounts were GM-
CSF, GROa, oncostatin M (OSM), vascular endothelial cell
growth factor (VEGF), fibroblast growth factor (FGF)-4, FGF-
6, hepatocyte growth factor (HGF), IGFBP-4, transforming
growth factor (TGF)-b2, and TGF-b3. Trace amounts of some
cytokines were also detected in certain samples (Table 1 and
data not shown), including LIF, which was detected in NF day
1, KK, and KK/KF day 5 samples.
IL-6 was the most abundant cytokine secreted by
fibroblasts, with the highest levels detected in KF. An increase
of IL-6 was observed between days 1 and 5 in both NF and
KF, with a much higher increase in KF. However, although
there was a significant increase between days 1 and 5 in NK/
NF cc, a decrease of 1.6-fold was observed in KK/KF cc
(Figure 4a). IL-8 was the second most abundant cytokine
secreted by KF. It increased between days 1 and 5 in CM of
NF, KF, and NK/NF cc, with a significant increase in KF
compared to NF at day 5, and in KK/KF compared to NK/NF
at day 1 (Figure 4a). The increase between days 1 and 5 in
NK/NF cc indicates that its secretion is regulated in normal
cells, but is dysregulated in keloid as the level of IL-8 at day 1
was as high as at day 5 in KK/KF cc. A similar level of MCP-1
was secreted in both NF and KF, as well as NK/NF and KK/KF
cc (Figure 4a), which suggests little influence by keratinocytes
on the fibroblasts’ secretion profile of MCP-1. Both TIMP-1
and TIMP-2 increase between days 1 and 5 in NF, with
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Figure 3. Cytokine arrays. RayBio human cytokine arrays III and IV were incubated with serum-free CM of day 1 or day 5 non-cc fibroblasts or keratinocytes,
or fibroblasts cocultured with keratinocytes, from either normal skin or keloid tissue, and processed according to the manufacturer’s instructions,
as mentioned in ‘Materials and Methods’.
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5.7-fold and 3.6-fold increases, respectively (Table 1 and
Figure 4a). Both TIMPs were higher in KF compared to NF at
day 1, whereas the reverse was observed at day 5. In
NK/NF and KK/KF cc, both TIMPs increased 1.4-fold from
days 1 to 5, but indifferent between NK/NF and KK/KF at day
1 or 5.
Minor cytokines present in noncoculture NF but absent in KF,
and vice versa
Overall, the detection of minor cytokines was more notice-
able at day 5 compared to day 1 (Table 1). A subset of minor
cytokines that was present in the CM of NF but absent in KF
included GROa, FGF-4, FGF-6, IGFBP-2, OPG, TGF-b2, and
TGF-b3 (Figure 4b). In contrast, only two unique cytokines
were detected in KF but were absent in NF, namely HGF at
day 5 and OSM at day 1 (Table 1). Moreover, ANG and
IGFBP-4 were both detectable in NF as well as KF, with ANG
showing a significant threefold decrease in KF compared to
NF.
Minor cytokines absent in NK/NF cc but present in KK/KF cc,
and vice versa
A subset of minor cytokines that was present in the CM of KK/
KF cc but absent in NK/NF included ANG, OSM, VEGF,
IGFBP-1, OPG, and TGF-b2 (Figure 4c). The two most
abundant of these minor cytokines were ANG and IGFBP-1.
IGFBP-2 was only found in the CM of NK/NF but not in KK/KF
(Table 1). In addition, GROa and OPG were secreted at a
lower level in KK/KF compared to NK/NF, at day 5 and 1,
respectively (Figure 4c and Table 1).
Cytokines secreted by keratinocytes
In general, we detected less cytokines in the CM of
keratinocytes compared to fibroblasts in non-cc conditions.
Table 1. Cytokine profiling of conditioned media in noncoculture and coculture conditions
Cytokines/
array (i)DMEM
(ii) NF9,
Day 1
(iii) NF9,
Day 5
(iv) KF48,
Day 1
(v) KF48,
Day 5
(vi)
NK10
(vii)
KK48
(viii) NK10/
NF9, Day 1
(ix) NK10/
NF9, Day 5
(x) KK48/
KF48, Day 1
(xi) KK48/
KF48, Day 5
GM-CSF
(1g, 2g)/III
— — — — — 8.6±0.4 — — — — —
GRO-a
(1h, 2h)/III
— — 1.6±0.0 Trace Trace 2.5±0.4 Trace 1.2±0.5 5.8±2.4 — 1.1±0.4
IL-6 (3e, 4e)/III — 37.5±2.6 44.0±0.6 47.2±0.0 67.8±6.3 — — 38.3±1.8 53.7±1.0 40.3±2.9 25.3±0.6
IL-8 (3g, 4g)/III — 14.4±1.7 22.3±0.6 31.6±3.7 37.8±1.8 23.1±5.5 6.9±2.9 15.9±0.2 32.4±2.6 29.4±0.3 27.8±4.2
MCP-1
(5a, 6a)/III
— 22.6±0.0 21.5±0.5 23.2±1.7 18.5±2.0 — — 20.3±3.5 16.8±2.4 20.3±1.0 17.7±1.0
ANG (7e, 8e)/III — — 3.0±0.2 — 1.0±0.0 — — — — — 13.3±0.4
OSM (7f, 8f)/III — — — 1.5±0.4 — Trace — Trace Trace — 1.3±0.6
VEGF (7h, 8h)/III — — — Trace — — Trace Trace — — 2.7±0.4
FGF-4 (1k, 2k)/IV — — 4.1±2.8 — — — — — — — —
FGF-6 (1l, 2l)/IV — — 3.7±3.2 — — — — — — — —
HGF (3g, 4g)/IV — — — — 3.4±0.8 — — — — — —
IGFBP-1
(3h, 4h)/IV
— — — — — — — — — — 12.3±0.6
IGFBP-2
(3i, 4i)/IV
— 2.5±0.2 11.5±3.7 — — — — 4.4±0.6 8.9±0.6 — —
IGFBP-4
(3k, 4k)/IV
— — 3.7±2.8 — 2.8±0.3 — — Trace — — Trace
OPG (5j, 6j)/IV — 11.4±0.2 8.3±0.9 Trace Trace Trace 2.3±1.1 5.5±0.4 Trace 1.6±1.2 1.5±0.2
TGF-b2
(7a, 8a)/IV
— Trace 5.3±5.3 Trace — — Trace Trace Trace Trace 1.5±0.2
TGF-b3
(7b, 8b)/IV
— Trace 9.4±5.3 Trace — — — Trace Trace — Trace
TIMP-1
(7c, 8c)/IV
— 3.8±3.8 21.6±3.2 15.4±0.2 10.3±0.5 11.3±1.2 10.3±0.8 11.6±1.1 16.3±3.6 9.8±0.8 13.6±1.5
TIMP-2
(7d, 8d)/IV
— 8.0±0.9 29.1±6.7 18.8±1.8 19.6±2.1 — 6.1±1.1 15.2±1.3 21.6±2.8 16.8±1.2 23.4±2.5
ANG, angiogenin; FGF, fibroblast growth factor; GRO-a, growth-regulated protein a; HGF, hepatocyte growth factor; IGFBP, IGF-binding protein; MCP-1,
monocyte chemoattractant protein-1; OPG, osteoprotegerin; OSM, oncostatin M; TGF, transforming growth factor; TIMP, tissue inhibitor of
metalloproteinase; VEGF, vascular endothelial cell growth factor.
Values are expressed as mean±SD. — Dash refers to undetected or negligible.
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IL-8 was the most abundant cytokine secreted into the CM of
NK, followed by TIMP-1, GM-CSF, and GROa (Figure 4d). In
KK, TIMP-1 was the most abundant, followed by IL-8,
TIMP-2, and OPG.
Interestingly, GM-CSF secretion was detected only in non-cc
NK, but not in the other samples (Table 1). In addition, GM-CSF,
GROa, and IL-8, detected in NK CM were absent or drastically
decreased in KK CM (Figure 4d), with IL-8 showing a threefold
decrease in KK compared to NK CM. In contrast, OPG and
TIMP-2, which were absent in NK, were detected in KK CM.
IL-6 and OSM elicited strong Y705 Stat3 phosphorylation in
both NF and KF
On the basis of cytokine profile, we exposed both NF and KF
to a series of cytokines for 15minutes, 60minutes, 24 hours,
or 72 hours, and examined the phosphorylation of Stat3.
Among the panel of cytokines examined, only IL-6 and OSM
elicited strong pY705 and pS727 Stat3 in both NF11 (Figure
5a) and KF31 (Figure 5b), as observed at the 15minutes
timepoints, with OSM being a stronger inducer. The rest of
the cytokines did not induce or only weakly induced pY705
Stat3, which was accompanied by a noticeable pS727 Stat3
in NF11 and KF31, suggesting that some of these cytokines
induced pS727 Stat3 independent of pY705 Stat3.
IL-6-induced pY705 Stat3 was higher in KF compared to
NF. pY705 Stat3 was still noticeable in KF after 72 hours of
IL-6 treatment, which had already diminished at 60minutes
but reappeared at 72 hours in NF11, along with other
cytokines such as IGFBP-1, TIMP-1, TIMP-2, and VEGF
(Figure 5a). OSM treatment resulted in a prolonged phos-
phorylation of Stat3 in both NF and KF, up to 72 hours. No
difference in the magnitude of phosphorylation in both NF
and KF was observed, possibly because of the extremely
strong response elicited by OSM. The efficacy of the
cytokines was monitored by activation of extracellular
signal-regulated kinase (ERK), and all cytokines examined
did increase the phospho-ERK signal at 15minutes treatment
in NF11 (Figure 5a), which was drastically decreased
by 60minutes, and disappeared by 24 hours (data not
shown).
Inhibition of pY705 Stat3 by anti-human IL-6, but not by anti-
human OSM, neutralizing antibody
To confirm that IL-6 and OSM activity in the CM contributes
to pY705 Stat3 in fibroblasts, NF2, NF112, NF114, KF48,
KF107, and KF108 cells in serum-free media were left
untreated or incubated with either anti-human IL-6 or OSM
neutralizing antibodies for 1, 3, or 5 days. Anti-IL-6, but not
anti-OSM antibody, significantly inhibited pY705 Stat3 in
both NFs and KFs (Figure 5c). This agrees that IL-6 is a major
cytokine secreted, and the main cytokine that elicits the
pY705 Stat3 in NFs and KFs. Moreover, OSM is secreted in a
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Figure 4. Identification and comparison of cytokines in CM. (a) Detection of five major cytokines in the CM by cytokine arrays. (b) Comparison of minor
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between days 1 and 5. *Po0.05 and **Po0.01 show statistically significant difference.
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very small amount as observed in cytokine array, but a very
small dose can elicit robust pY705 Stat3.
Increased fibroblast proliferation by IL-6 and OSM
Cell proliferation by these cytokines in NF and KF was
assayed. In NF9, increased cell proliferation was significantly
induced by IL-6 and OSM but not by the others, with OSM
being the strongest inducer (Figure 6a). This physiological
response correlated well with Stat3 activation by these
cytokines (Figure 5a). In KF48, proliferation was induced by
more cytokines including IL-6, OSM, IL-8, IGFBP-2, ANG,
MCP-1, TIMP-2, GM-CSF, OPG, and LIF (Figure 6b). This
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Figure 5. Response in NF and KF to various cytokines. (a) NF11 (b) KF31 cells grown in 10% FBS/DMEM were incubated in 0.5% FBS/DMEM media for
24 hours before stimulation. Cells were either left uninduced (Un) or stimulated with 40 ngml1 IL-6, 50 ngml1 IL-8, 100 ngml1 IGFBP-1, 100 ngml1 ANG,
20ngml1 MCP-1, 15 ngml1 TIMP-1, 15 ngml1 TIMP-2, 20 ngml1 VEGF, 25 ngml1 GM-CSF, 50 ngml1 GROa, 100 ngml1 IGFBP-2, 20 ngml1 OSM, or
200 ngml1 OPG, for 15minutes, 60minutes, 24 hours, or 72 hours. Equal amounts of total cell lysates (25 mg) were loaded for each sample and resolved by
SDS-PAGE, followed by western blot analyses with antibodies as indicated. (c) Decreased Y705 Stat3 phosphorylation by anti-human IL-6 neutralizing antibody.
NF2, NF112, NF114, KF48, KF107, and KF108 cells were incubated in serum-free DMEM in the absence or presence of 2 mgml1 anti-human OSM or IL-6
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antibodies. Graphs depict the mean±SD of relative densitometry unit of pY705 Stat3 normalized to Stat3 of three NFs (left graph) and three KFs (right graph).
NF2 and KF48 are shown as representative western blots. *Po0.05 refers to statistical significance when OSM or IL-6 antibody-treated samples were compared
to the untreated controls at their respective days.
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may be because of the altered state in KF, whereby cell
proliferation is enhanced by multiple cytokines compared to
NF.
DISCUSSION
Altered secretion profile by keloid keratinoyctes and fibroblasts
In this report, we analyzed secretory factors by KFs and
keratinocytes by subjecting the CM of non-cc and cc to
cytokine arrays. In agreement with previous results, enhanced
secretion of IL-6 (Xue et al., 2000; Ghazizadeh et al., 2007),
TIMP-1, and TIMP-2 (Fujiwara et al., 2005) were detected in
KF non-cc compared to NF. We also observed different
secretion profile of GROa, ANG, FGF-4, FGF-6, HGF,
IGFBP-2, OPG, TGF-b2, and TGF-b3 by KF, and GM-CSF,
GROa, IL-8, OPG, TIMP-2 by KK non-cc compared to their
normal counterparts. IGFBP-2/IGFBP-3/IGFBP-4 (Phan et al.,
2003), TGF-b (Xia et al., 2004), CTGF (Khoo et al., 2006), and
VEGF (Ong et al., 2007) have been previously shown to be
associated with keloid pathogenesis by keratinocyte–fibro-
blast interactions. In our cc analyses, IL-6, IL-8, GROa, ANG,
OSM, VEGF, IGFBP-1, IGFBP-2, OPG, and TGF-b2, but not
MCP-1, TIMP-1, and TIMP-2, showed altered pattern of
secretion between KK/KF and NK/NF cc. To our knowledge,
previously unreported factors that may contribute to keloid
pathogenesis as identified in this study include IL-8, ANG,
OSM, IGFBP-1, and GM-CSF.
IL-6 group of cytokines and Y705 Stat3 phosphorylation
The two stimuli in our cytokine analyses that elicited robust
pY705 Stat3 and proliferation in fibroblasts were IL-6 and
OSM (Figures 5a, b and 6). Both are members of the IL-6-type
cytokine family, which utilizes the gp130 receptor for
signaling to activate the JAK/STAT and MAPK pathways
(Heinrich et al., 2003). These data are consistent with our
previous findings and further support a key role of Stat3 in
keloid pathogenesis. Keratinocyte–fibroblast interaction re-
sulted in a gradual decrease of pY705 Stat3 over 5 days in
both NF and KF when cocultured with NK and KK,
respectively, (Figure 1b), as well as in NK and KK when
cocultured with NF and KF, respectively, (Figure 2b), of
which downregulation was more rapid in KF and KK
compared to NF and NK. This suggests the existence of a
negative feedback regulation in epithelial–mesenchymal
interactions, which is more robust in keloid cells compared
to normal cells. pY705 Stat3 decrease in cocultured KF
correlated with the decrease of IL-6 in the CM of KK/KF cc
Ab
so
rb
an
ce
 (4
50
–
69
0 
nm
)
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
Day 1
Day 2
Day 3
Day 1
Day 2
Day 3
Ab
so
rb
an
ce
 (4
50
–
69
0 
nm
)
Un IL-
6
IL-
8
OS
M
IGF
BP
-1
IGF
BP
-2
AN
G
MC
P-1
TIM
P-1
TIM
P-2
VE
GF
GM
-CS
F
GR
Oα OP
G LIF
Un IL-
6
IL-
8
OS
M
IGF
BP
-1
IGF
BP
-2
AN
G
MC
P-1
TIM
P-1
TIM
P-2
VE
GF
GM
-CS
F
GR
Oα OP
G LIF
0.6
0.5
0.4
0.3
0.2
0.1
0
*
*
*
*
*
*
* *
* * * *
* ***
*
Figure 6. Increased proliferation by IL-6 and OSM in NF and KF. (a) NF9 and (b) KF48 cells were either left uninduced (Un) or stimulated with 40 ngml1 hIL-6,
50 ngml1 IL-8, 10 ngml1 OSM, 100 ngml1 IGFBP-1, 100 ngml1 IGFBP-2, 100 ngml1 ANG, 20 ngml1 MCP-1, 15 ngml1 TIMP-1, 15 ngml1 TIMP-2,
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samples, as determined by Student’s t-test.
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(Figure 3). Hence, the inhibition of pY705 Stat3 in KF in KK/
KF cc may be partly because of the downregulation of IL-6
secretion as IL-6 is the major cytokine involved. It is
conceivable that overstimulation by IL-6 in KF leads to
downregulation and desensitization of the IL-6 receptors and
signaling pathway more rapidly than in NF, possibly by a
negative feedback mechanism. It is also possible that KK and/
or KF secrete inhibitory factor(s) that antagonizes IL-6
signaling in KF. IL-8 may be a candidate, as we observed a
rapid increase of IL-8 secretion in KF compared to NF and in
KK/KF compared to NK/NF (Figure 4a), and IL-8 could
partially antagonize IL-6-induced pY705 Stat3 in some
fibroblasts, probably because of cellular heterogeneity (Figure
S1; Supplementary material). Crosstalk between cytokines
may contribute to the destabilized equilibrium of the
cytokine milieu during tissue remodeling that predisposes
wounds to keloid scarring.
Inflammatory chemokines
Inflammatory chemokines are produced in response to
bacterial toxins and inflammatory cytokines such as IL-1,
TNF-a, and IFNs (Baggiolini, 2001), which have essential
roles in attracting leukocytes for host defense in infection and
inflammation. Here, we observed increased IL-8 and
decreased GROa in KF, and no difference in MCP-1 secretion
between NF and KF, suggesting a role of IL-8 but not GROa
or MCP-1 in leukocyte recruitment and activation in keloid.
Besides neutrophil recruitment, IL-8 may also be involved in
tissue formation/re-epithelialization as IL-8 promotes kerati-
nocyte cell proliferation (Tuschil et al., 1992) and migration
(Michel et al., 1992).
Angiogenic factors
ANG and VEGF promote angiogenesis, which is a critical
process to deliver nutrition and oxygen for the formation of
granulation tissue in wound repair but has to cease when it is
completed (Gillitzer and Goebeler, 2001). A higher density of
dermal blood vessels and elevated VEGF protein expression
in keloid tissue compared to normal skin has been reported
(Ong et al., 2007). Enhanced VEGF in KF and KK, and in the
CM of KK/KF, compared to the normal counterparts was also
shown, and epithelial–mesenchymal interactions resulting in
elevated VEGF secretion is associated with keloid pathogen-
esis (Ong et al., 2007). As for ANG, we observed its secretion
at day 5 cultures only. It was secreted by fibroblasts, not
keratinocytes, with low levels secreted by both NF and KF,
but was highly secreted in KK/KF cc only (Table 1). This
strongly suggests that soluble factor(s) by KK exert a paracrine
effect that elevates ANG secretion in KF. To our knowledge,
this is the first time that ANG is associated with keloid and
may be an important regulator in enhancing angiogenesis in
keloidal dermis.
GM-CSF
GM-CSF was notably absent in the CM of KK compared to
NK. GM-CSF is essential for normal wound healing as GM-
CSF knockout mice exhibit delayed wound closure (Fang
et al., 2007). However, absence of GM-CSF in these mice
resulted in increased and sustained collagen production from
5 days postinjury till after re-epithelialization has been
achieved (Fang et al., 2007), and transgenic mice over-
expressing a GM-CSF antagonist in the epidermis showed
extensive fibrosis with newly formed tissue of poor quality
(Mann et al., 2006). These are synonymous with the absence
of GM-CSF in KK and increased collagen deposition by KF.
This strongly suggests that keratinocyte-derived GM-CSF is a
necessary stop signal required for the downregulation of
collagen production by fibroblasts after re-epithelialization
and tissue remodeling are completed. Hence, topical
application of GM-CSF may not only improve wound
closure, but may be helpful to reduce postinjury scarring.
Indeed, topical application of GM-CSF has been shown to
reduce collagen production in human subjects, as well as in
fibroblasts derived from granulation tissue (Jorgensen et al.,
2002).
Combinatorial cytokine therapy
In summary, altered secretion profile of cytokines, chemo-
kines, and growth factors by keloid keratinocytes and
fibroblasts suggests altered microenvironment resulting in
pathologic tissue remodeling and keloid formation. The
challenge to identify the role and relative significance of
each and every cytokine or chemokine in the pathology of
keloid scars is formidable but achievable with systematic
investigation. The therapeutic goal in cytokine/chemokine/
growth factor therapy in cutaneous injury is to achieve proper
wound healing with minimal scarring. With sufficient knowl-
edge of the factors involved, a neutralizing antibody,
inhibitor, and/or cytokine cocktail against the relevant
cytokines, chemokines, and growth factors administered at
the correct timepoint in keloid development will ultimately
be the solution to prevent or ameliorate keloid scars.
MATERIALS AND METHODS
Antibodies and cytokines
Polyclonal anti-phosphoTyr705 Stat3, monoclonal anti-phospho-
Ser727 Stat3, and polyclonal anti-phospho-ERK were purchased
from Cell Signaling Technology Inc. (Danvers, MA), whereas
monoclonal anti-Stat3 antibody was purchased from BD Transduc-
tion Laboratories (Lexington, KY). Polyclonal anti-actin antibody and
IGFBP-2 were purchased from Sigma (Saint Louis, MO). IL-6 was
purchased from Peprotech, whereas ANG, GROa, GM-CSF, IGFBP-
1, IL-8, MCP-1, OSM, OPG, TIMP-1, TIMP-2, and VEGF were
purchased from Calbiochem (La Jolla, CA).
Isolation and cell culture of fibroblasts and keratinocytes
The study was conducted according to Declaration of Helsinki
Principles. Ethical approvals from the National University of
Singapore Institutional Review Board and the National Healthcare
Group Domain Specific Review Boards, and prior consent from
patients were obtained. All patients received no prior treatment
before surgical excision of keloids. Full history and physical
examination with digital photo documentation of the normal and
keloid tissues were performed. Keloids were excised from those that
are centrally located in the scar tissues. The procedure for the
isolation and culture of fibroblasts and keratinocytes from human
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skin specimens was as described previously (Lim et al., 2002).
Isolated fibroblasts were grown in DMEM containing 4,500mgml1
glucose, supplemented with 10% fetal bovine serum (Gibco BRL Life
Technologies, NY), 2mM L-glutamine, 100Uml1 penicillin, and
100ngml1 streptomycin (Sigma). Isolated keratinocytes were
cultured in EpiLife medium (Cascade Biologics Inc., OR).
Keratinocyte–fibroblast coculture
The two-chamber cc technique was used as previously described
(Lim et al., 2001). Keratinocytes were seeded and cultured on
Transwell inserts with porous membranes (0.4mm pore size) fitted in
six-well tissue culture dishes, and grown in serum-free EpiLife
medium until the monolayer was fully confluent. To allow
keratinocytes to stratify and reach terminal differentiation, cells
were then maintained in keratinocyte culture medium supplemented
with serum and high concentration of calcium for 48 hours, before
subjecting them to air–liquid interface. The medium on top of the
Transwell inserts was removed, cells were washed, and subsequently
exposed to the remaining medium in the wells of the tissue culture
dishes. At this stage, cells were indirectly exposed to medium via the
porous Transwell membranes. After 48 hours in air–liquid interface,
one set of keratinocytes was further subjected to cc with fibroblasts,
whereas a second set was used as non-cc controls.
Before cc, fibroblasts were seeded and cultured in six-well dishes
until fully confluent, followed by 48 hours synchronization in serum-
free DMEM. One set was subjected to cc with keratinocytes,
whereas another set served as non-cc controls. In non-cc experi-
ments, fibroblast or terminally differentiated keratinocyte mono-
cultures were then maintained in serum-free DMEM, which marks
the start of the experiments. In cc, keratinocytes grown and stratified
on inserts were layered upon fibroblasts grown in six-well dishes in
serum-free DMEM, and this marks the start of cc experiments.
Fibroblasts and keratinocytes were harvested after 1, 2, 3, 4, or 5
days in serum-free DMEM. The media of cells maintained in this
serum-free DMEM were also collected as serum-free CM. The list of
NF, NK, KK and KF used in this paper is presented in Table 2.
Western blot analysis
Cells were lysed in radioimmune precipitation assay buffer (150mM
NaCl, 50mM Tris-HCl (pH 7.2), 1% deoxycholic acid, 1% Triton X-
100, 0.25mM EDTA (pH 8.0), 0.2% sodium fluoride, 0.1% sodium
orthovanadate) supplemented with protease inhibitor cocktail
(Roche Diagnostics, Mannheim, Germany). Equal amounts of total
cell lysates were resolved by SDS-PAGE, transferred to polyvinyli-
dene difluoride membrane, blotted with the appropriate antibodies,
followed by enhanced chemiluminescence (GE Healthcare, Buck-
inghamshire, UK) and autoradiography. Relative intensity of the
bands was measured using GS-700 or GS-800 densitometer from
Bio-Rad Laboratories (Hercules, CA).
Cytokine array
RayBio human cytokine arrays III and IV were purchased from
RayBiotech Inc. (Norcross, GA, USA). These membranes were
incubated with serum-free CM from noncocultured fibroblasts or
kerationyctes, or fibroblasts cocultured with keratinocytes, from
either normal skin or keloid tissue, and processed according to the
manufacturer’s instructions. Briefly, membranes were blocked with
blocking buffer for 30minutes, followed by incubation of the
membranes with 2ml of CM for 2 hours at room temperature. The
membranes were washed at 5minutes intervals, thrice with Wash
Buffer I, and twice with Wash Buffer II, followed by incubation with
biotin-conjugated antibodies for 2 hours. The membranes were
washed as described above and were further incubated with HRP-
conjugated streptavidin for 60minutes, followed by another round of
washing as above. All procedure was performed at room tempera-
Table 2. Profiles of normal and keloid fibroblasts and
keratinocytes
Fibroblasts/
keratinocytes M/F Ethnicity Age of donor Origin
Age of
scar
Normal
NK1 F Chinese 12 years old Groin
NF2 M Indian 38 years old Abdominal
NK3 F Chinese 54 years old Breast
NK4 M Chinese 3 years old Earlobe
NK5 M Caucasian 30 years old Groin
NF7 M Caucasian 30 years old Groin
NF8 M Siamese 2 years old Groin
NF9 F Chinese 48 years old Breast
NK10 F Chinese 44 years old Face
NF11 M Caucasian 32 years old Groin
NK/NF101 F Chinese 46 years old Breast
NK/NF102 M Indian 33 years old Leg
NK/NF103 M Chinese 8 months old Hand
NK/NF104 M Malay 4 years old Groin
NK/NF105 M Chinese 21 years old Arm
NK/NF111 M Chinese 29 years old Forearm
NF112 F Chinese 35 years old Breast
NK/NF113 M Indian 23 years old Wrist
NF114 M Malay 50 years old Thigh
Keloid
KF3 F Chinese 17 years old Earlobe 8 months
KF5 M Chinese 21 years old Earlobe 1.5 years
KF8 F Chinese 19 years old Earlobe 1.5 years
KK17 M Indian 28 years old Forearm 1 year
KK20 F Chinese 17 years old Earlobe 1 year
KK29 F Chinese 22 years old Earlobe 1 year
KK/KF31 F Chinese 17 years old Earlobe 0.5 year
KF32 M Indian 28 years old Chest 2 years
KK43 M Chinese 34 years old Elbow 1 year
KK46 M Chinese 36 years old Forearm 1 year
KK/KF48 F Indian 23 years old Earlobe 1.5 years
KK/KF104 F Chinese 35 years old Deltoid 1.5 years
KK/KF105 F Malay 12 years old Helix ear 2 years
KK/KF107 M Chinese 23 years old Earlobe 1 year
KK/KF108 M Chinese 23 years old Earlobe 1.5 years
KK/KF111 F Chinese 21 years old Right back 1 year
KK/KF115 F Chinese 37 years old Right calf 1 year
F, female; KF, keloid fibroblasts; KK, keloid keratinocyte; M, male; NF,
normal fibroblast; NK, normal keratinocyte.
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ture. The chemiluminescence procedure was detected as described
by the manufacturer.
XTT proliferation assay
XTT (2,3-Bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-
carboxanilide) proliferation assay was performed as previously
described (Lim et al., 2006), except that cells were serum starved
for 24 hours before stimulation with various cytokines.
Data analysis
Statistical analysis was performed using the Student’s t-test. A
P-value o0.05 denotes a statistically significant difference.
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SUPPLEMENTARY MATERIAL
Figure S1. Pretreatment with cytokines decreases Stat3 activation by IL-6.
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